phosphor also exhibited better thermal stability compared to other phosphors. In addition, the mechanism behind the energy transfer between Sm 3+ ions was determined to be dipole-dipole interactions as described by Dexter theory. The results indicated that as orange-red phosphors, Ca 9 La (PO 4 ) 7 :Sm 3+ phosphors were promising candidates for being integrated into white light emitting diodes.
Introduction
As a new generation of illumination light sources, white light emitting diodes (w-LEDs) have received much attention. Their main advantages over conventional light sources are extended lifetime, better security and reliability as well as higher energyefficiency. [1] [2] [3] [4] [5] [6] In general, w-LEDs can be achieved with the following two approaches: in the rst method a yellow phosphor such as Y 3 Al 5 O 12 :Ce 3+ (YAG:Ce) is integrated into a blue LED chip (as InGaN-based chip); 7 in the second one, a near-UV (n-UV) LED chip, emitting in the 350 -420 nm spectral range, is incorporated in a tri-color phosphor (i.e. blue, green, and red). 8 However, the former method suffers from a rather high color temperature (>4500 K) and poor color-rendering index (CRI < 75) resulted from the weak emission in the visible red range. 9 The second method can better control the w-LED colors, still, it is a great challenge to obtain orange or red phosphors with a high stability and brightness, so this issue is necessary to addressed.
Lanthanides are commonly used in displays and lighting devices thanks to the 5d / 4f or 4f / 4f transitions. 4 Red and orange-red emitting phosphors can be realized by doping lanthanides with Eu 3+ or Sm 3+ ions and exploiting 4f / 4f
transitions. However, Eu 3+ doped phosphors display efficient luminescence only under n-UV excitation, which limits their application in w-LEDs. 5 While Sm 3+ doped phosphors can be more easily stimulated by a blue region radiation. Moreover, Sm 3+ doped phosphors can act as orange-red emitters due to the 4 G 5/2 / 6 H J (with J ¼ 5/2, 7/2, 9/2, and 11/2) transitions. 10 These features have motivated intense researches on compounds such as Sr 3 14 Recently, multiple examples of phosphates with whitlockite crystal structure fabricated based on M 9 R(PO 4 ) 7 compounds, in which M ¼ Ca or Sr and R ¼ La, Y, Sc, Gd, or Bi, have demonstrated the feasibility for them to be applied as host materials for phosphors. Specically, such phosphates compounds possess good thermal stability, 15 and perfect charge stabilization allowed by the rigid tetrahedral matrix of the phosphate. 16, 17 Besides, they can be synthesized in an easy and low-cost method. 18 Currently, the luminescence of rare-earth ions doped whitlockite-type phosphate have been intensively studied in many compounds including Ca 9 La(PO 4 ) 7 room temperature and grinding, the products were obtained.
Characterizations
Powder X-ray diffraction (XRD) data was acquired from a Bruker D8 Advance X-ray powder diffractometer, using Cu Ka radiation (l ¼ 25 And photoluminescence emission (PL) and excitation (PLE) spectra, as well as temperature-dependent luminescence properties were all obtained by a Hitachi F-4600 uorescence spectrophotometer. In addition, the decay curves were detected by a Yvon TBXPS spectrouorometer. ZEISS 6035 scanning electron microscope (SEM) equipped with an Inca X-Max energy dispersive spectroscope (EDS) operated at voltage of 20 kV was used to characterize the particle morphology and conduct elemental analysis. Fig. 2 showed Rietveld renement results on x ¼ 0.01 ( Fig. 2(a) ) and x ¼ 0.12 ( Fig. 2(b) ) samples using TOPAS 4.2. The original experimental patterns were indicated by black circles and diamonds, the calculated patterns were represented by solid lines. The difference between them were shown in purple and blue curves, the 1.032Å CN ¼ 6), as described in Fig. 1 . Fig. 4 displayed the SEM image of the x ¼ 0.12 phosphor including the EDS elemental analysis in the red rectangle area. The irregular particle size and the agglomeration occurred during the heating process were the typical morphology from high temperature solid-state reaction synthesis. 5 Meanwhile, the EDS analysis showed that the atom ratio of each element Ca, La, O, P and Sm were 9.11, 0.83, 28.37, 7.06 and 0.14 at%, respectively. The results indicated the actual atom ratio of each element was very close to the intended atom ratio, and also conrmed the success of Sm doping.
Results and discussion

Luminescence properties
For the purpose of investigation on the luminescence properties of Sm 3+ in Ca 9 La(PO 4 ) 7 , the PLE spectra at different emission wavelengths (l em ¼ 570, 607, 653 nm) and PL spectra under different excitation wavelengths (l ex ¼ 377, 406, 408 nm) of x ¼ 0.12 sample were monitored under the same testing conditions as shown in the Fig. 5 . All the excitation spectra as well as emission spectra possessed the same features except for the discrepancy in relative intensities. The PL spectra also indicated that Ca 9 La(PO 4 ) 7 :Sm 3+ compounds had potential to be applied as near-UV light (350-420 nm) excited phosphor, since the 
where q stands for an indicator of the electric multipolar character, x for the activator content, K and b for the constants in the same excitation conditions for a given host lattice and I for the integral intensity of the emission spectra. Most importantly, q values of 6, 8 and 10 referred to dipole-dipole, dipole-quadrupole and quadrupole-quadrupole interactions, respectively. Additionally, the relationship between log(I/x) and log x 
where I(t) and I 0 represent the intensity at time t and 0, A 1 is a constant, t stands for time, s is the decay time for an exponential component. As one of the most important parameters for technological utilization of phosphors, thermal stability was also investigated. 5 The PL spectra (l ex ¼ 406 nm) of x ¼ 0.12 phosphor within 25-300 C were showed in Fig. 8(a) and the relationship between relative emission intensities and the temperature was showed in the inset. Each emission spectrum included the several characteristic peaks of Sm 3+ within 500-800 nm.
However, the emission intensities declined gradually along with the rising temperature, which was because of the thermal quenching effect. 2, 5 As shown in the inset, the integrated emission intensities of the x ¼ 0.12 phosphor at 150 C was about 79% of the one at 25 C, which indicated rather good stability of the phosphor. To detailly investigate the thermal quenching effect and estimate the activation energy during the quenching process, the variation tendency of the luminescence intensity of x ¼ 0.12 sample along with changing temperature could be depicted by the Arrhenius equation: 
where I 0 represented for the initial intensity, I T for the intensity at a given temperature T, c for a constant, DE for the activation energy for thermal quenching, and k for Boltzmann's constant (8.617 Â 10 À5 eV K À1 ). In Fig. 8 acquired from the PL spectra under 406 nm excitation were labelled with a cross symbol in the CIE chromaticity diagram, as showed in Fig. 9 . The resulting coordinates (0.5548, 0.4358) indicated the emission in the orange-red region. For exhibition purpose, the inset in Fig. 9 showed the digital image of the phosphor. Above results suggested that this orange-red phosphors could be promising candidate in w-LEDs excited by n-UV chips.
Conclusions
In summary, a series of Ca 9 
